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ABSTRACT  A  theoretical model incorporating both active and passive forces 
has been developed for fluid reabsorption  from split  oil droplets in  rat  inter- 
mediate and late proximal tubule. Of necessity, simplifying assumptions  have 
been introduced; we have assumed that the epithelium can be treated as a single 
membrane and that the membrane "effective" HCO.~ permeability is near zero. 
Based on this model with its underlying assumptions, the following conclusions 
are drawn. Regardless of the presence or absence of active NaCI transport, fluid 
reabsorption from the split oil droplet is isosmotic. The reabsorbate osmolarity 
can  be affected by changes  in  tubular  permeability parameters  and  applied 
forces but is not readily altered from an osmolarity essentially equal to that of 
plasma.  In a split droplet, isosmotic flow need not be a  special consequence of 
active Na transport, is not the result of a particular set of permeability properties, 
and is not merely a  trivial consequence of a  very high hydraulic conductivity; 
isosmotic flow can be obtained with hydraulic conductivity nearly an order of 
magnitude lower than that previously measured in the rat proximal convoluted 
tubule. Isosmotic reabsorption is, in part, the result of the interdependence of 
salt  and  water  flows,  their  changing  in  parallel,  and  thus  their  ratio,  the 
reabsorbate concentration being relatively invariant. Active NaCl transport can 
cause  osmotic  water  flow  by  reducing  the  luminal  fluid  osmolarity.  In  the 
presence of passive forces the luminal  fluid can be hypertonic to plasma, and 
active NaC1 transport can still exert its osmotic effect on volume flow. There are 
two passive forces for volume flow: the Ci gradient and the difference in effective 
osmotic pressure; they have an approximately equivalent effect on volume flow. 
Experimentally, we have measured volume changes in a  droplet made hyper- 
osmotic by the addition of 50 mM NaCI; the experimental results are predicted 
reasonably well by our theoretical model. 
INTRODUCTION 
Isosmotic fluid reabsorption has been explained by osmotic coupling to active 
Na transport (13,  16, 56). We have previously shown that active salt transport 
makes  only a  small  contribution  (~10%  or  less)  to  volume  flow  in  the  rat 
intermediate  and  late proximal  convoluted tubule  (71,  72,  74,  and  footnote 
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1). These observations suggest that an alternative mechanism is responsible 
for isosmotic flow in this tissue. 
This paper presents a  theoretical model and experimental investigation of 
fluid reabsorption  from split  oil  droplets  (22)  in  rat  intermediate and  late 
proximal convoluted tubule. The model incorporates neutral and electrogenic 
active  transport,  passive  reabsorptive  forces  due  to  the  asymmetrical  salt 
solutions known to exist on the two sides of this epithelium (70),  and oncotic 
and hydrostatic pressures. The model incorporates a  number of simplifying 
assumptions, among  them:  the  epithelium can  be  represented  as  a  single 
membrane, and the "effective" HCOs permeability of this membrane is near 
zero. This theoretical model has two advantages. The solution of the differ- 
ential equations is in a  mathematically closed form, which, compared with 
other theoretical analyses (16, 35, 56, 58, 59), provides a more direct assessment 
of the relative importance of the parameters affecting fluid reabsorption. The 
model also  directly  predicts  the  steady-state  concentration of luminal  and 
reabsorbate  fluids. Using this model, we have evaluated previous proposals 
for  the  existence  of ideal  luminal  hypotonicity  in  the  presence  of active 
transport  (1,  2,  62);  the  model  suggests  that  luminal  hypotonicity  is  not 
required for volume flow in the presence of a  difference in effective osmotic 
pressure across  the epithelium. From previous demonstrations that  volume 
flow in rabbit proximal convoluted and straight tubules can be accounted for 
by  a  high  measured hydraulic conductivity and  small  osmolar differences 
between the luminal and peritubular solutions (1, 2, 60), one might conclude 
that  isosmotic  flow  is  simply  the  consequence  of  a  very  high  hydraulic 
conductivity. Our model suggests that isosmotic reabsorption might still be 
obtained  in  tissues  in  which  hydraulic  conductivity  is  lower.  The  model 
suggests that  isosmotic volume flow  is  not  the result  of a  particular set  of 
permeability properties and bathing solution composition (52)  and need not 
be a special consequence of active Na transport (16, 35, 56); rather it suggests 
that isosmotic reabsorption is a simple consequence of the interdependent flow 
of salt and water, and that in the rat intermediate and late proximal tubule 
an isosmotic volume flow similar in magnitude to measured free-flow values 
can be obtained without incorporating active transport. We have investigated 
the implicit concept that isosmotic flow is characterized by a single reabsorbate 
concentration;  the  model suggests  that,  instead,  a  range  of concentrations 
encompassing the plasma osmolarity may be obtained. We have evaluated 
the  contribution  of the  difference  in  chloride  and  bicarbonate  reflection 
coefficients to passive volume flow in the intermediate and late rat convoluted 
proximal tubule; the model suggests that reflection coefficient differences are 
not required to obtain a significant passive volume flow. The model suggests 
that small changes in some tubular permeability parameters can cause large 
changes in volume flow while maintaining the isotonic nature of the reab- 
sorbate;  modifications of these  permeability  parameters  could,  therefore, 
provide  a  sensitive  control  of proximal  tubular  reabsorption.  The  model 
1 Warner, R.  R., and C. Lechene. Analysis of standing droplets in rat proximal tubules. I. Na, 
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predicts our experimental measurements on volume changes in droplets made 
hypertonic by the addition of 50 mM NaCI. A  preliminary report of some of 
these observations has been published (73). 
METHODS 
Glossa O, of Symbols 
ni  moles of solute i in split droplets, where i ~  sodium ion (Na), chloride ion 
(CI), or bicarbonate ion (HCO.~) 
ncl,0  moles of chloride in droplet at t -  0 
V  droplet volume 
V0  droplet volume at t =  0 
Ci  concentration of solute i in luminal (droplet) fluid 
Ci'  concentration of solute i in peritubular fluid 
Col  average concentration of chloride across tubular epithelium 
Cc~  steady-state droplet (and reabsorbate) chloride concentration 
Pcl  permeability of chloride 
Lp  hydraulic conductivity 
O"  i  reflection coefficient for solute i 
AP  hydraulic pressure gradient across tubular epithelium 
1-Ipr  oncotic pressure of peritubular protein 
A~b  electrical potential gradient across tubular epithelium 
K~  rate of active (neutral) salt transport (dimensions same as permeability) 
A  area of droplet exposed to tubular epithelium (=2 V/r) 
r  tubular radius 
F  Faraday constant 
R  gas constant 
T  absolute temperature, 310~ 
mx  rate constant for volume reabsorotion (s  -~) 
m2  rate constant for osmotic adjustment (s  -1) 
Jv  -dV/dt 
Theoretical Model 
The theoretical model of solute and fluid reabsorption from split oil droplets exem- 
plified by  these  used  by Gertz  (22) assumes  for simplicity that  the  luminal  fluid 
contains only  Na  and  CI,  a  reasonable  approximation  for  intermediate and  late 
proximal  tubular  fluid  (40,  42,  43,  and  footnote  1)  and an  assumption  frequently 
made in previous studies (16, 35, 52, 56, 74). The model assumes that the peritubular 
fluid contains only Na, CI, HCO.~ and protein, and that the permeability of protein 
is near zero. 
Experimentally, the HCO.~ concentration in the intermediate and late proximal 
tubular fluid is found to be low, only a  few millimoles per liter (55),  in spite of the 
presence of ~25 mM HCO3 in the peritubular fluid (55). As noted, our model assumes 
that the droplet HCOa concentration can be neglected, a  reasonable approximation 
considering the nearly 30-fold higher Cl concentration. For this model to be physio- 
logically realistic, however, we must assume a mechanism for maintaining the droplet- 
plasma HCO3 gradient. It is likely that in vivo the HCO.~ gradient is maintained by 
an active pump. However, not only is there insufficient experimental data to theoret- 
ically  model  such  a  pump,  but  its  inclusion  in  our  model  would  complicate  a 
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is near zero. With this assumption we theoretically model the experimentally observed 
HCOa gradient. It is unlikely that  the active transport of a  few millimoles per liter 
HCOa is a process that per se is important for fluid reabsorption in the intermediate 
and late proximal tubule. If active pumps remove HCO3 in fixed proportion to the CI 
concentration, this would constitute a negligible flux in relation to the NaCI flux and 
could reasonably be omitted  from the equations  of our model.  Similarly, if active 
pumps  remove additional  HCOs  that  has  leaked  into  the  droplet,  this  would  not 
contribute to net HCOa flux and would act as a  futile cycle. We consequently feel it 
is  reasonable to exclude HCOs  fluxes from our equations.  We wish  to emphasize, 
however, that the constant active reabsorption of the HCO3 leak is a likely mechanism 
necessary to maintain the passive forces of solute asymmetry. 
The  equations  describing  Na,  CI,  and  fluid  movement  with  time  from  a  split 
droplet in the late and intermediate proximal tubule are as follows: 
~T  dV  dnOdi  -- -APo([Ccl-  Cbl] -  CClA+) - AK~Co + --~ (I - OCl)GZl,  0) 
d?/Na  d?/cl 
--  and  (2) 
dt  dt  ' 
dV 
--~- -ALp{Ap +  I'Ipr-RT([ONa + OCl][CcI- C~I] -  [OHCOz 4- ONa]Cfico3)}. 
dt 
(3) 
These equations assume  that  the epithelium can  be treated as a  single membrane. 
Because permeabilities, hydraulic conductivity, and reflection coefficients have pre- 
viously been measured using this same assumption, their use in our model provides a 
consistent approach that would compensate for deviations from a single homogeneous 
membrane. This single-membrane assumption is not unique to our work and has been 
used in a  number of previous studies  (1, 21, 50, 57-59, and footnote 1). The single- 
membrane assumption can also be justified in that its application has led to successful 
predictions of  experimental data (57-59). Furthermore, the observation of  symmetrical 
NaC1 dilution potentials in the rabbit proximal tubule is consistent with the electrical 
behavior of a single membrane rather than with two barriers of differing permeability 
(37, 59). The single-barrier model should adequately represent the proximal tubular 
epithelium to the extent that  fluid and solute movement occur primarily via extra- 
cellular routes and  are  driven  by differences in  composition between  the external 
bathing solutions, as has recently been suggested and explored (1, 2, 58, 59, 72, and 
footnote 1). It should be recognized, however, that  in our model the effect of active 
transport  is  solely  to  remove solute  from  the  droplet  or  to  change  the  electrical 
potential;  to  the  extent  that  fluid  and  solute  movement  are  influenced by  active 
transport  into  an  extracellular  compartment  having  a  composition  significantly 
different from that of plasma  (13), our model should not be expected to accurately 
represent the reabsorptive process. 
Eqs.  1,  2  and  3  include  the  passive  forces of solute asymmetry and  hydrostatic 
pressure,  as  well as  a  neutral  mechanism  for active CI  transport  (46)  that  can  be 
envisioned as the Na-CI carrier found in Necturus proximal tubule (64) and responsible 
for active CI  transport  in  other  tissues  (18,  19).  It  is  assumed  that  this  process is 
operating well below saturation. These equations also include the coupling of CI to 
active electrogenic Na transport via A~b. Assuming the droplet to be a  right circular 
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have a solution in closed form given by 
nel  ffi  Be  re't- (B -  ne~o)e  "~  and  (4) 
V ---  CBe mlt- D(B-  ncl,o)e  "~t,  where  (5) 
rmlm~(X- I_a,RTW[ I -  oct]Cca)Vo -  2LpRTml([ONo  +  oca]X 
B  =  -  [Pca  +  K.  +  rm~/2]W)nc~o 
2(m2 -- mx)I_.pRT([o~.  +  oca]X- [Pea +  K.]W) 
C  =  2LpRT([ON.  +  oci]X- [Pc, +  K. +  rml/2]W) 
rrnl(X- LpRTW[1 -  oc,](Tca)  '  (6) 
D  =  2LpRT([ONa  +  Ocl]X- [Pc1 +  K, +  rm2/2] W) 
~m~ ( X  -  t,.R TW[  ~ -  o~,]~,) 
rn~  --  [ Y +  (y2 +  4LpRT[(ON.  +  Ocl)X- (Pc~ +  K.)W])t/2]/r,  (7) 
rn2  =  [ Y-  (y2  +  4L~,RT[(oN.  +  oc~)X -  (Pc~ +  K.)W])I/2]/r,  (8) 
Y-~  LpRT[(ON.  +  ecl)(l -aCl)(~ca-  W]-  Pc,-  K,,  (9) 
X  =  PclC~I  +  PclFCclA6/RT, and  (I0) 
W  ffi (aN.  +  OHCO3)C'HCO, +  (ON. +  acl)C'cl +  IIp,/RT +  AP/RT.  (11) 
From  Eq.  5,  volume flow  (Jr)  from the split  oil  droplet  can  be calculated  a,s  a 
function of time,  and  from  Eqs.  4  and  5,  reabsorbate  concentrations and  droplet 
concentrations can also be calculated with time. 
Parameters  of the Model 
The  developed  theoretical  equations  involve a  number  of parameters  for  tubular 
permeability properties, plasma concentrations, and hydrostatic and electrical forces. 
Although many of these parameters will be individually varied over wide ranges, with 
all other parameters  kept constant, baseline values for these parameters have been 
chosen  from  the  literature  (Table  I).  The  active  transport  of chloride  (K.)  via  a 
neutral  Na-coupled  pump  (46,  64)  is  assumed  to  be zero in  order to simplify the 
interpretation of the results.  The chloride permeability (Pcl)  is chosen to be  14.1  X 
10  -5  cm/s  (21  and  footnote  1).  Although  this  chloride permeability has  not  been 
corrected for the presence of an electrical potential difference, we are not aware of 
more accurate determinations. The tubular radius was measured as described below 
and a mean value of 16.9 ~m (+0.24 #m, SEM, n -- 56) was obtained. The "average" 
chloride concentration  (Ccl)  is  nearly equal  to  the  arithmetic  mean  concentration 
across  the  epithelium  (Ccl+  C'cl~/2,  which,  as  will  be  shown,  remains  relatively 
constant under most conditions;  Ccl cannot a  priori be precisely calculated because 
Ccl is one of the unknowns. Consequently, Ccl was estimated, Ccl calculated, and the 
process iterated until values for Cci (and consequently Ccl) converged. In nearly every 
case  only  a  single  iteration  was  required  for  convergence.  All  calculations  were 
performed on a Hewlett-Packard 97 programmable calculator (Hewlett-Packard Co., 
Palo Alto, Calif.). 
Experimental Protocol 
This theoretical  model  was  tested  by applying it  to experimental observations on 
hypertonic split oil droplets in the in vivo rat intermediate and late proximal tubule. 564  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY. VOLUME  76 ￿9  1980 
Female Wistar rats (Charles River Breeding Laboratories, Inc., Wilmington, Mass.), 
152-203 g, were starved overnight, anesthetized with Inactin (Henley and Co., New 
York.) (155 mg/kg body wt), and prepared for micropuncture as previously described 
(39 and  footnote 1).  Experiments were conducted with  10 rats.  Isotonic saline was 
infused via the jugular vein at 0.92  ml/h.  Glomerular filtration rate was  measured 
using  [14C]inulin.  Urine  was  collected  from  a  ureteral  catheter,  and  plasma  was 
collected and blood pressure monitored via the femoral artery. Micropipettes with tip 
diameters of 5-8 pm were silieonized (Surfasil, Pierce Chemical Co., Rockland, Ill.) 
and  prefilled  with  a  single  500-pl  droplet  of  the  test  solution  containing 
[3H]methoxyinulin. The droplets were isolated by paraffin oil within  the  micropi- 
pettes, and neither the oil nor the droplets were stained with dyes. The pipettes were 
stored in a water-saturated atmosphere until use that day. We have previously shown 
that  droplets do not  concentrate when  stored  in  this  manner  (41  and  footnote  1). 
TABLE  I 
CONSTANTS FOR EQUATIONS 
C'c.  119 mmol/l (3, 77) 
Chc%  25 mmol/l (55) 
Lp  18 x  10  -5 cm3/cmLs.atm (68) 
Ap  30 mm Hg (in split droplets) (25) 
I-Ipr  30 mm Hg (6) 
A,,b  +2 mV (intermediate  and late proximal tubule) (20, 63) 
r  16.9 pm (measured) 
K8  0 cm/s (assumed) 
Pct  14.1 X 10-5  cm/s (21 and footnote 1) 
ocl  0.5 (2 t) 
OHCO.  0.96 (21) 
ONa  0.7  (21) 
With  the kidney capsule intact, proximal tubules were punctured, a  large oil block 
was injected, and the droplet was injected and isolated from the micropuncture site 
by  futher oil  injection. The  droplet  was  reaspirated  into  the  same  pipette  after a 
predetermined length of time and isolated with oil from the tubular lumen. The oil- 
filled  tubule  was  photographed  for radius  mea~surements.  Collected  droplets  were 
immediately transferred to an oil-covered, siliconized concavity slide, replicate 49.1-pl 
aliquots were collected into a volumetric pipette (38), and the collected aliquots were 
injected into a vial of scintillation fluid for liquid scintillation counting. Immediately 
before and immediately after an experiment, a micropipette containing an uninjected 
droplet was randomly selected and replicate 49.1-pl aliquots of these droplets were 
likewise  injected  into  a  vial  for liquid  scintillation  counting;  results  from the  two 
determinations were averaged. By comparing the : H counts per minute per aliquot of 
the injected droplet (Ae) with the '~H counts per minute per aliquot of the uninjected 
control (A~), the fraction of the droplet remaining (V/Vo) can be calculated from the 
equation  V/Vo  =  Ac/Ae. Plotting the natural logarithm of this fraction as a function 
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linear least squares fit. Volume flow (nanoliters per millimeter-minute) is then given 
by 0.6 'n'r2ml. 
Droplet  Composition 
A  solution was prepared to  resemble late proximal tubular fluid  (40, 42,  43,  and 
footnote  1),  to  which NaCI  was added to  produce a  solution of high osmolarity. 
[3H]methoxyinulin (New England Nuclear, Boston,  Mass.)  was added. The solution 
composition was measured using electron probe microanalysis and the liquid droplet 
technique (38). Measured composition (mM) is: Na, 202; CI, 204; K, 3.2;  PO4, 1.5; 
Ca,  1.3; Mg, 1.0; and SO4, 1.2. The osmolarity of the solution was 375 mosM/kg as 
measured  by  the  procedure of Ramsay  and  Brown  (54) on  49.1-pl  aliquots  of 
uninjected control droplets. The solution was stored frozen at -80~  and used for all 
experiments. 
RESULTS 
Volume Flow 
With chosen literature values  for the parameters of the model  (Table I),  a 
steady-state volume flow (Jr)  of 2.25  nl/mm.min  is obtained. This value is 
within the range of reported experimental values for the rat intermediate and 
late proximal tubule (25-27, 47, 50, 76) and is obtained without incorporating 
active forces. 
Reabsorbate  Concentration 
In the steady state, droplet concentration and reabsorbate concentration must 
be identical, and because m2  (Eq.  8)  will  always be more negative than ml 
(Eq.  7), the steady-state reabsorbate  (or droplet)  chloride concentration will 
be given by  1/C (Eqs. 4, 5, and 6) or from equations 6,  7, 9-11, 
rmx(Pcl(C~l  +  FCc1Ad//RT)  -  Lp(AP +  Hp, 
+  RT[(oNa  +  Ocl)C~l +  ('ONa +  OHCos)Chco3])(l  --ocl)Ccl} 
c~  --  (t2) 
Lp(2Pcl(aN,  +  ocl)(RTC~I  +  Ft~cl A+) -- (2Po  +  2Ks  +  ,rml) 
￿9  (AP +  IIpr  +  RT[(oN,  +  Ocl)C~i  +  (ON, +  OHCOa)C~IcO3])} 
This rather lengthy equation  2 states that "isosmotic flow" is not character- 
ized by a  single value for transported fluid osmolarity. Reabsorbate concen- 
trations depend on a  number of parameters, including hydrostatic pressure, 
2  Without convection coupling the equation is much simpler, 
2Pcl(C~  +  FCcaA~/RT) 
C~  (no convection) --  ,  (13) 
rml +  2Pc~ +  2K, 
where rnl is now defined as ~2(Pca +  K~ +  Lr,  RTW)/r -  ((Pet +  K~ +  LpRTW) 2 +  4LvRT([aNo 
+  ocl]X -- W[Po +  K,])}  1//r. Compared with Eq. 12, Eq. 13 permits an easier assessment of 
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peritubular bicarbonate and protein concentrations, and tubular permeabili- 
ties, all of which could vary with different physiological conditions. With the 
chosen parameter values, Cc~ (no active forces) is  150 mM. 
Variation of Parameter Values (with Solute Asymmetry) 
Taking literature values for the equation parameters, we obtain a steady-state 
droplet  (and reabsorbate)  osmolar concentration of 0.299,  very close to the 
assumed plasma value of 0.290  (Table  I),  although slightly hypertonic. To 
investigate the effect of changes in the equation parameters on steady-state 
volume flow and  droplet  (and  reabsorbate)  concentrations in  the  late  and 
intermediate proximal tubule, we have varied individual parameters of the 
theoretical  model  over  a  wide  range,  holding  the  remaining  parameters 
constant. Although physiologically it may not be reasonable to vary a single 
parameter, holding all others constant, we choose this protocol to better dissect 
the dependence of the theoretical model predictions on parameter values. We 
will define droplet concentration to be "essentially isotonic" if it deviates by 
< 10 mM from the isotonic concentration. With an assumed plasma osmolarity 
of 290 mosM (from Table I) and equal Na and CI droplet concentrations, the 
isotonic concentration corresponds to a  145 mM droplet chloride concentra- 
tion. 
In Fig.  1, Lp and Pcl have been varied over a  100-fold range about their 
base-line values. It might have been expected that increasing Lp would directly 
and linearly increase Jo. However, as shown in Fig.  1 a, increasing Lp above 
literature values causes only a small change in Jr. Large decreases in Lp cause 
large decreases in the volume flow, but small decreases in Lp from literature 
values result in small changes in Jr, illustrating that Jr is relatively insensitive 
to Lp over a considerable range of values. This is due to the interdependence 
of salt and water flows. An increase in Lp increases water flow relative to that 
of salt;  with  more water  leaving,  droplet  concentration  increases,  and  the 
increasing osmolarity opposes and minimizes an increase in Jr. As a result, in 
spite of varying Lp over two orders of magnitude, including a  10-fold reduction 
in its literature value, the droplet steady-state composition remains essentially 
isotonic, varying only from  135 to  155 mM (Fig.  1 b). Varying Pcl over two 
orders of magnitude likewise has only a small effect on droplet concentration, 
which varies over a range similar to that of Fig. 1 b, from 133 to 155 mM (Fig. 
1 d). Changes in Pcl result in major changes in volume reabsorption (Fig.  1 c), 
indicating that J~  is  very sensitive to PCI and  that  large changes in Jo can 
occur without large changes in the reabsorbate concentration. An increase in 
Pcl increases salt flow relative to fluid movement, causing a decrease in droplet 
concentration; the decrease in droplet concentration becomes an additional 
force for volume flow that minimizes the change in droplet concentration. 
Fig. 2 shows the changes in split oil droplet volume flow and concentration 
due to  variations  in  the passive reabsorptive forces.  In  Fig.  2  a  and  b,  the 
plasma  bicarbonate  concentration  has  been  varied  at  the  expense  of the 
chloride concentration. With  increasing peritubular bicarbonate concentra- 
tion, and thus an increasing solute asymmetry, volume flow exhibits a marked 
increase (Fig. 2 a), but droplet concentration increases by only a few millimoles 567 
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per liter, remaining close to the isotonic concentration  (Fig.  2  b).  Increasing 
peritubular  bicarbonate  (decreasing  peritubular  chloride)  results  in  an  in- 
creased  gradient  for  chloride  effiux as  well  as  an  increase  in  the  effective 
osmotic  pressure  a  for  volume  flow  (Eq.  3);  with  both  salt  and  water  flux 
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1.1O(cm3/cm,?-, ctrn) x 108  pc~(Cml$) x 1o  s 
FIGUR~  1.  Theoretical predictions  for steady-state droplet  volume flow and 
droplet chloride concentration as a function of the tubular permeability param- 
eters hydraulic conductivity (Lp) and chloride ~permeability (/)cO.  The circles 
denote chosen literature values for Lp (18 X  10-  cm/cm  .s.atm) and Pcl (14.1 
X  10  -5  cm/s).  (a)  Volume  flow  as  a  function  of Lo.  (b)  Droplet  chloride 
concentration as a function of Lo. The horizontal line at Cel =  145 mM in this 
and subsequent  figures corresponds to the isotonic chloride concentration.  (c) 
Volume  flow as  a  function of Pel.  (d)  Droplet  chloride  concentration  as  a 
function of Pcl. 
changing in  the same direction, droplet  concentration tends to remain con- 
stant. Changing either the peritubular protein concentration or the hydrostatic 
pressure has only a  minor effect on volume flow and, consequently, on droplet 
concentration (Fig. 2 c and d). 
Changes in split oil droplet volume flow and concentration resulting from 
variations in the active reabsorptive forces are shown in Fig. 3. Fig. 3 a and b 
s In this paper, effective osmotic pressure is that pressure exerted across the membrane under 
consideration  (I'I ffi oRTC).  Ideal osmotic pressure is that pressure exerted  across an ideal 
semipermeable membrane (H ffi RTC). 568  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9 VOLUME  76  ￿9  1980 
illustrates  the  effect  of adding  a  coupled  (electrically  silent)  Na-C1  active 
pump  to  the  passive  reabsorptive  forces.  With  an  increase  in  the  active 
transport  rate  (Ks), there is an  augmented  removal of salt  from the droplet; 
droplet concentration  falls and becomes hypotonic  to the steady-state osmo- 
larity  obtained  in  the  presence  of passive  forces  alone  (Fig.  3  b).  Effective 
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FIGURE 2.  Theoretical  predictions  for steady-state droplet  volume flow and 
droplet chloride concentration with variation of passive forces. (a) Volume flow 
as a function of peritubular HCOa, varied at the expense of peritubular C1. (b) 
Droplet chloride concentration as a function of peritubular HCO3. (c) Volume 
flow as a  function of the hydrostatic pressure gradient or oncotic pressure.  (d) 
Droplet chloride concentration as a function of hydrostatic or oncotic pressure. 
The circles denote chosen literature values for peritubular HCOa (25 mM) and 
the hydrostatic pressure gradient  (30 mm Hg) or oncotic pressure (30 rnm Hg). 
hypotonicity causes volume flow to increase (Fig. 3 a), minimizing the decrease 
in droplet concentration.  Effective hypotonicity exerts its effects even though 
the droplet is ideally hypertonic to plasma, as occurs for Ks <  1.8 ￿  10  -s cm/ 
s. Fig. 3 c and d illustrates the changes in Jr and droplet concentration due to 
varying the electrical potential  across the tissue. Because the plasma concen- 
trations  are  kept  constant  and  the  droplet  concentration  does  not  change 
greatly, implying that  diffusion potentials  are constant,  a  change in A~p can, 
thus, be seen primarily as a change in the contribution of an active electrogenic 
Na  pump.  Increasing  the  contribution  of an  electrogenic  Na  pump  causes WARNER AND LECI-IENE  Isosmotic  Volume Reabsorption in Rat Proximal Tubule  569 
A~  to  become  negative,  enhancing  the  effiux  of CI  and  lowering  droplet 
concentration. With an augmented removal of Na and (31 from the droplet, 
droplet concentration falls (Fig. 3 d), creating an additional force for volume 
movement (Fig. 3 c) and minimizing changes in the droplet concentration. 
Fig. 4 illustrates the changes in split oil droplet volume flow and concentra- 
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FmURE 3.  Theoretical predictions for steady-state droplet volume flow and 
droplet chloride concentration with the addition of active forces.  (a) Volume 
flow as a function of the activity of an active neutral salt pump (K~). (b) Droplet 
chloride concentration as a function of Ks. (c) Volume flow as a function of the 
transtubular electrical potential (Aft).  (d) Droplet chloride concentration as a 
function of Aft. The circles denote chosen values for Ks (0)  and the electrical 
potential (+2 mY, lumen positive.) 
tion  resulting  from  variations  in  the  chloride  and  bicarbonate  reflection 
coefficients.  Decreasing  ocl  decreases  the  effective  osmotic  pressure  of the 
chloride  gradient  opposing osmotic  volume  reabsorption,  which  results  in 
relatively  large  increases  in Jv  (Fig.  4  a).  Decreasing  ocl  also  increases  the 
contribution of solvent drag to chloride movement (Eq.  1), and the increase 
in Jv  occurs  with  little  change  in  the  droplet  concentration  (Fig.  4  b). 
Decreasing one% results in effects on Jr  (Fig. 4 c) opposite to those of Fig. 4 a; 
droplet concentrations do not deviate from essentially isotonic values (Fig. 4 
d). 570  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  76  ￿9  1980 
As  shown  in  Fig.  5  a, Jv  expressed  per  unit  length  varies  directly  with 
tubular radius;  expressed per unit area, Jr would have been invarient  with r. 
Droplet  concentration  is not a  function of tubular radius  (Fig.  5 b), and,  as 
shown in Fig. 5 c and d, neither Jr nor droplet concentration  is a  function of 
the initial droplet volume (at constant  r, initial  droplet length). 
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Theoretical  predictions  for steady-state droplet  volume flow and 
droplet  chloride  concentration  with  variation  of chloride  and  bicarbonate 
reflection coefficients.  (a) Volume flow as a  function of the chloride reflection 
coefficient  (ao).  (b)  Droplet  chloride  concentration  as  a  function  of ocl. (c) 
Volume flow as a function of the bicarbonate reflection coefficient (orm%).  (d) 
Droplet chloride concentration as a function ofonc%.  The circles denote chosen 
literature values for oo (0,50) and onco3 (0.96). 
Variation of Parameter Values (without Solute Asymmetry) 
To investigate isosmotic flow due solely to the presence of active forces, split 
oil droplet  behavior in  the  late  and  intermediate  proximal  tubule has  been 
modeled  in  the  absence  of solute  asymmetry  and  hydrostatic  and  oncotic 
forces (~U =  0, 1-Ipr =  0, C'aco:, =  0, and Ccl --  145 mM). These circumstances 
could  occur  with  in  vitro  or  in  vivo  renal  perfusion  procedures.  These 
circumstances  could  also  occur  with  conventional  in  vitro  procedures  for 
studying  other  epithelia,  to  which  the  concepts  of this  analysis  might  also 
apply. 
The  effect  of  active  forces  alone  on Jv  and  droplet  concentration  are WARNER AND LECrtENE  Isosmotic Volume Reabsorption in Rat Proximal Tubule  571 
illustrated in Fig. 6, in which Ks is varied with Alk =  0. As shown in Fig. 6 b, 
increasing Ks results in a  linear  decrease in  droplet osmolarity below that  of 
plasma. The resulting ideal luminal  hypotonicity becomes a  force for volume 
flow, and Jv varies directly with Ks  (Fig.  6 a).  The  results shown in  Fig. 6 a 
and  b  are  identical  to  the  results  of Fig.  3  a  and  b  when  the  figures  are 
transposed  to  the  same  intercept,  illustrating  that  the  effects of active  and 
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FIGURE 5.  Theoretical  predictions  for steady-state droplet  volume flow and 
droplet chloride concentration  as a  function of tubular radius  (r)  and  initial 
droplet volume (V0) or (at constant i'adius)  droplet length.  (a) Volume flow as 
a function of r. (b) Droplet chloride concentration as a function of r. (c) Volume 
flow as a function of V0. (d) Droplet chloride concentration as a function of V0. 
The circles denote values for tubular radius (16.9 btm) and initial droplet volume 
(0.2 nl). 
passive forces are additive and not synergistic. The effects of increasing  A~b in 
the absence of initial passive forces and with Ks •'  0 can be inferred from Fig. 
3 c and  d and  are similar  to those for K. in  Fig.  6  a  and  b.  Because similar 
effects are obtained with Ks or A~, we will arbitrarily set A%b =  0 and Ks -  2.4 
￿  10 -5 cm/s  as base-line  values  for isosmotic  flow resulting  solely from  the 
presence  of active  forces.  These  parameter  values  give  a  reabsorptive  rate 
comparable to the base-line rate obtained with only passive forces. 
Fig.  6 c and d illustrates  the effects of varying  ocl  in  the absence of initial 
passive forces. Decreasing Ocl increases the salt removed from the droplet  by 572  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  76  ￿9  1980 
solvent drag (Eq.  1 and Fig. 6 d), resulting in an increasing droplet hypoton- 
icity and increasing force for osmotic volume flow (Fig. 6 c). 
Fig.  7 illustrates  the effects of varying Lp and Po in  the absence of initial 
passive forces. As shown in Fig. 7 a and b, varying Lp results in effects similar 
to those observed with passive forces (Fig.  1 a and b), with the exception that 
droplet concentrations  are always ideally hypotonic. Increasing Lp with con- 
stant  active  reabsorption  increases  water  movement  with  respect  to  salt 
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Theoretical  predictions  for steady-state droplet  volume flow and 
droplet chloride concentration as a function of the active transport rate (KB)and 
chloride  reflection  coefficient  (oc0  in  the  absence of peritubular  HCO3 and 
protein, a hydrostatic pressure gradient, and an electrical potential gradient.  (a) 
Volume flow as a function ofK~. (b) Droplet chloride concentration as a function 
of K,. (c) Volume flow as a function oel.  (d) Droplet chloride concentration as 
a function of ocl. The circles denote the chosen value for ocl (0.50). 
movement. The droplet concentration  and Jo both increase, but this increase 
is  minimized  by the  decrease  in  force  for  water  removal  due  to  a  smaller 
hypotonic  gradient.  Varying  Pcl  in  the  presence  of active  forces has  effects 
opposite those observed  in  the  absence of active  forces  (Fig.  1 c and  d).  As 
shown  in  Fig.  7  c  and  d,  increasing  Po  results  in  a  decrease  in Jv  and  an 
increase  in  Ccl.  With  increasing  Pcl  there  is  an  increase  in  chloride  back- 
diffusion  into  the  lumen;  the  luminal  osmolarity  rises,  the  force  for  fluid 
movement decreases, and Jr decreases. WARNER AND LECHENE  Isosmotic  Volume Reabsorption in Rat Proximal Tubule  573 
Volume Flow with Hypertonic Droplet 
We have experimentally measured the change in droplet volume after injection 
of a  droplet  made hypertonic by 50  mM NaC1  into  intermediate and  late 
proximal tubules. In these experiments, the rat mean blood pressure was 97.4 
mm Hg;  hematocrit was 0.45;  and glomerular filtration  rate was  1.17  ml/ 
min.  Fig.  8  a  shows the experimental data  (dots)  for the change in  droplet 
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FIGURE  7.  Theoretical predictions for steady-state droplet volume flow and 
droplet  chloride concentration as  a  function of hydraulic conductivity and 
chloride permeability in the presence of a neutral active salt pump (and absence 
of peritubular  HCOa,  protein,  hydrostatic pressure  gradient,  and  electrical 
potential gradient).  (a)  Volume flow as a  function of hydraulic conductivity 
(/_,). (b) Droplet chloride concentration as a function of/a,- (c) Volume flow as 
a function of the chloride permeability (Pc]). (d) Droplet chloride concentration 
as a function of Pcl. The circles denote the chosen literature values for Lp and 
Pcl. 
volume (plotted as the logarithmic ratio of droplet volume to initial  volume 
[ln  V/V0])  with tubular contact time. Volume effiux does not initially occur 
from the hypertonic droplet;  instead,  there is  a  considerable influx of fluid 
int.. the droplet, and droplet volume increases by ~  30% before net fluid effiux 
occurs. This volume influx is approximately that required to achieve isoton- 
icity. By linear regression analysis, a straight line (not shown) can be fitted to 
the decreasing portion of the experimental data giving a slope (ml) of-0.032 
-1  s  and a Jr of 1.70 nl/mm.min. The solid lines of Fig. 8 are the theoretical 
curves for the droplet volume ratio and droplet concentration obtained from 574  'mE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9 VOLUME  76  ￿9  1980 
Eqs. 4 and 5 using the parameter values and initial droplet Cl concentration 
given in Methods (no active forces present). The parameter values were chosen 
independently of the Fig. 8 a data, and no fitting has been performed. 
Exponential Reabsorption 
Split  oil  droplet  volume  is  presumed  to  decrease  with  time  as  a  single 
exponential function (22, 30, 49). From Eq. 5, however, droolet volume in the 
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FIGURE 8.  (a)  The ratio of droplet volume (V)  to the initial droplet volume 
(V0) is plotted vs. tubular contact time in seconds; the dots are experimental V/ 
V0 ratios obtained from droplet [3H]inulin determinations; the solid  line is a 
theoretical prediction based on our model evaluated without active forces. (b) 
Droplet  chloride  concentration  vs.  tubular  contact  time  predicted  by  our 
theoretical model. 
intermediate and late proximal  tubule is  given  not  by a  single exponential 
term but by the sum of two exponential terms. It can be shown that with an 
initial droplet chloride concentration equal to the steady-state value, the term 
B  -  ncl,o (Eq.  5)  is  zero  and  volume  reabsorption  proceeds  as  a  single 
exponential. With any deviation of the initial droplet concentration from the 
steady-state concentration, there will be changes in droplet volume such that WARNER  AND LECnENE Isosmotic  Volume Reabsorption  in Rat Proximal Tubule  575 
it does not follow a single exponential until the steady-state concentration is 
reached. Furthermore, since m2 of Eq. 5 will always be more negative than ml 
(the droplet reabsorptive rate), these alterations in droplet volume will proceed 
faster than the droplet reabsorption. The effect of the second exponential is, 
thus,  to  rapidly  force  the  droplet  to  steady-state  values,  at  which  time 
reabsorption  proceeds  via  a  single exponential  decrease.  The  effect  of the 
second exponential term of Eq. 5 is clearly illustrated by comparing Fig. 8 a 
and  Fig.  8  b;  it  is  seen  that  single exponential absorption  begins with  the 
establishment of a steady-state concentration. 
Extracellular Osmolarity Dependence 
We have modeled the effect of increasing plasma osmolarity on volume flow 
and reabsorbate osmolarity from intermediate and late proximal tubular split 
oil droplets in the presence of either passive or active forces. As shown in Fig. 
9 b, in the presence of passive forces the steady-state reabsorbate osmolarity 
varies directly with  the plasma  osmolarity  (varied by  increasing the NaCI 
content), and essentially isotonic transport  is obtained at any plasma osmo- 
larity. As shown in Fig. 9 a, steady-state volume flow decreases with increasing 
plasma osmolarity. As shown in Fig. 9 d, with an active transport system an 
essentially  isotonic  reabsorbate  is  also  obtained  by  increasing  the  plasma 
osmolarity, with the predicted droplet concentration now falling slightly below 
the identity line. The effect of increasing plasma osmolarity has the opposite 
effect on volume flow  (Fig. 9  c), and with increasing plasma osmolarity Jr 
increases rather than decreases. 
DISCUSSION 
Assumptions of the  Theoretical Model 
We wish to stress  the assumptions on which our theoretical model is based. 
We have assumed that intermediate and late proximal tubular fluid contains 
only  Na  and  CI,  that  peritubular  fluid  contains  only  Na,  C1,  HCO.~  and 
protein, that the permeability of protein and effective permeability of HCO.~ 
is near zero, that the proximal tubular epithelium can be treated as a single 
membrane, that the neutral pump for active C1 transport operates well below 
saturation, and that the split oil droplet can be represented as a right circular 
cylinder. These assumptions have been discussed under Methods. Our conclu- 
sions are valid only to the extent that these assumptions are not in error in a 
way important to fluid reabsorption. 
Parameters of the Model 
The theoretical model contains the major active, diffusional, osmotic, hydro- 
static, and oncotic forces presumed to affect split droplet reabsorption in the 
late and intermediate proximal tubule. The chosen base-line values for the 
model  parameters  are  reported  values.  Pcl  has  previously  been  measured 
under zero-volume flow conditions but without considering the existing elec- 
trical  potential  (21,  53,  69).  As  such, the permeability measurement might 576  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  76  -  1980 
include the effect of the electrical potential, and the use of this value in Eq.  1 
would be incorrect. Attempts to recalculate Pcl, ocl, and ONa from the data of 
Fr6mter et al. (2 l), accounting for an electrical potential of + t.9 mV (21, 63), 
led to ocl >  ONa, a  situation not generally found in the kidney (21,  59).  We 
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FIGURE 9.  Theoretical prediction of the effect of varying peritubular C1 (C~zi) 
on steady-state volume flow and droplet concentration for an entirely passive 
and an entirely active system. For a and b, C~xco3 was kept constant at 25 mM. 
There was no HCO3 in the peritubular fluid for c and d. (a) Volume flow as a 
function of C~I for the passive system. (b) The solid line is a theoretical prediction 
for  steady-state droplet  chloride  concentration  as  a  function of C~zl for  the 
passive system. The dashed line is the line of identity.  (c)  Volume flow as a 
function of C~l for the active system. Note that the droplet chloride concentra- 
tion  is  directly related  to C~zl (d),  and,  although  the  active pump  does not 
saturate with increasing Ccl (Eq.  1), volume flow does saturate.  (d)  Predicted 
steady-state droplet chloride concentration as a function of  C~zl; the dashed line 
is the line of identity. 
have instead retained the reported values of Fr6mter et al.  (21).  The PNalPci 
ratio in the in vivo rat proximal tubule as evaluated by Fr6mter et al.  (21)  is 
1.2,  whereas  in  the in  vitro  intermediate superficial  proximal  tubule of the 
rabbit the PNa/Pcl  ratio is 0.56 (37). We are not aware of other determinations 
for Pc] in the rat proximal tubule. WARNER AND LECHENE  Isosmotic  Volume Reabsorption in Rat Proximal Tubule  577 
Variation of Parameters 
We have allowed only a  single parameter of the theoretical model to vary at 
a  time.  This  may  be  physiologically  unrealistic,  e.g.,  a  change  in  chloride 
permeability might be expected to result in a change in the chloride reflection 
coefficient. The use of this protocol, however, is necessary to evaluate the role 
of individual parameters in our model. 
Comparison with experimental data 
The theoretical  value  for droplet  volume flow in  the late and  intermediate 
proximal tubule obtained without invoking active forces is 2.25 nl/mm, min. 
This  value  is within  the  range of reported  experimental  values  for volume 
flow in the rat proximal tubule (25-27, 47, 50, 76)  and supports our previous 
conclusions  t  that  active salt  transport  directly accounts  for, at  most, only a 
small fraction of volume reabsorption  in the intermediate and late proximal 
tubule. 
The theoretical  model predicts reasonably  well our experimental  data on 
volume transients in split oil droplets, as shown in Fig. 8, which illustrates the 
ability of this model to predict more than steady-state behavior. Initial volume 
flow from a  significantly hypertonic solution  (Fig.  8  a)  was  not observed, a 
result  that  was  predicted  by  our  theoretical  model.  4  Although  the  model 
overestimates the subsequent reabsorptive rate (Fig. 8), it may be that, instead, 
the split oil droplet experiments have underestimated the reabsorptive rate; a 
tendency  for split  oil  droplet  experiments  to  underestimate  reabsorption  is 
well recognized, although not understood (23, 24, 30, 49). 
The theoretical model predicts available experimental split oil droplet data. 
The model predicts that reabsorption will be independent of initial volume or 
droplet length (Fig. 5 c), as has been experimentally observed (75). It predicts 
that reabsorption will vary directly with tubular radius (Fig. 5 a), as has been 
experimentally  observed  (31).  And  it  predicts  that  reabsorption  will  vary 
directly  with  peritubular  bicarbonate  concentration  (Fig.  2  a),  as  has  been 
experimentally observed (67). The ability of the theoretical model to predict 
available  split droplet  data supports  the  validity of this  model  in decribing 
the reabsorptive process. 
Effect of Protein and Hydrostatic Pressure 
The theoretical model predicts that protein and hydrostatic pressure will have 
a small effect on intermediate and late proximal tubular reabsorption  (Fig. 2 
c),  as  has  been  experimentally  observed  with  split  droplets  (4,  25,  45)  and 
with free-flow conditions (6,  11, 33, 34, 66). Nevertheless, others find that they 
have  a  large  effect  (8,  9,  27,  36,  44).  If hydrostatic  and  oncotic  forces  are 
ultimately  shown  to  have  a  large  effect  on  tubular  reabsorption,  Fig.  2  c 
indicates that  this cannot be explained by a  direct osmotic effect of protein 
4 We cannot exclude the possibility that  the observed initial volume increase is the result of a 
cellular osmotic response rather than a transepithelial transport  response as assumed, although 
during the experiments cell shrinkage was not visually observed. 578  THE  .JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  76  ￿9  1980 
across a single barrier but instead a  more complex epithelial model involving 
internal tissue compartments (27, 44, 65, 78)  is required. 
Isosmotic  Volume Flow 
As  shown  in  Figs.  1-7,  large  variations  in  the  model parameters  generally 
result in large variations in volume flow but in only small changes in droplet 
concentration, the droplet osmolarity seldom varying by more than  10 mM 
from  plasma  values.  The essentially  isotonic  nature of this  volume  flow  is 
observed with the use of only passive forces (Figs.  1, 2, 4, and 5), with the use 
of only active forces (Figs. 6 and 7), and with their combination (Fig. 3). Our 
theoretical  model  agrees  with  conclusions  based  on  experiments  with  the 
rabbit  gallbladder  (14)  and  does  not  support  a  previous  suggestion  that 
isosmotic flow is the result of a  particular set of membrane parameters and 
bathing solution osmolarities (52). The model predicts that isosmotic flow can 
be  obtained  in  the  absence of active  reabsorption  and,  therefore, does  not 
support the concept that isosmotic flow must be a  special property of active 
Na reabsorption (16,  56). 
Our chosen literature value for Lp in  the late and intermediate proximal 
tubule,  18  ￿  10 -5 cma/cm2.s.atm,  is  nearly half of that  recently estimated 
(2), illustrating that an extremely high value for Lp is not required to achieve 
isosmotic flow. Furthermore, even lowering Lp by an order of magnitude to 2 
X  10  .5 cma/cm  2. s. atm does not cause the droplet to deviate appreciably from 
isotonic concentrations in the presence of passive forces, as shown in Fig.  1 b, 
in  which the droplet  concentration is  seen to  be  lowered to  only  135  raM. 
Lowering Lp  has  more drastic effects on  droplet  concentrations when only 
active forces are involved, as shown in Fig.  7 b, in which it can be seen that 
lowering Lp to 2  ￿  10  -5 cma/cm2.s.atm lowers the droplet concentration to 
128 mM. We have also investigated the effect of varyin~ the salt permeability 
with a  lowered hydraulic conductivity (Lp -  2  X  10-" cm3/cm2.s.atm). As 
shown  in  Fig.  10,  the  resulting  curves  are  qualitatively  similar  to  those 
--5  3  2  ....  obtained with Lp =  18  ￿  10  cm/cm  .s.atm  (Fig.  1 c and d with pasmve 
forces and Fig. 7 c and dwith active forces). As shown in Fig.  10 a and b, in the 
presence of only passive forces the droplet concentration remains reasonably 
close to isotonic values over the given range for Pcl. Although this low value 
for Lp restricts the magnitude of J,, to values less than approximately  1.0 nl/ 
mm.min,  Fig.  10  a  and  b  shows  that  with  Pcl  =  14.1  ￿  10  -.5  cm/s,  near 
maximum values are obtained for Jr with essentially isotonic droplet concen- 
trations. This is not observed in the presence of only active forces, as shown in 
Fig.  10 c and d; although essentially isotonic concentrations can be obtained 
with  very  high  values  for  Po  (Po  >  30  ￿  10 -'~  cm/s),  this  results  in  a 
considerable decrease in volume flow (J,, <  0.4 nl/mm, min). For reabsorption 
involving only active transport, using measured values for Pcl, values for Lp 
,~  3  2  in the vicinity of 10 ￿  10-'  cm'/cm  .s.atm are required to obtain a  volume 
flow with essentially isotonic concentrations (Fig. 7 b). Nevertheless, even with 
active transport, an Lp approximately half of that previously measured for the 
proximal tubule (2, 68) will produce isosmotic flow. 
There are four basic factors responsible for the isotonic nature of volume WARNER  AN]:) L~C~gNI~  Isosmotic Volume  Reabsorption in Rat Proximal Tubule  579 
flow.  (a)  Lp is reasonably high  (>2-10  X  10 -'~ cm'~/cm2s.atm),  with  isotonic 
volume flow due to active forces requiring a higher Lp than that due to passive 
forces.  (b)  The  forces and  flows for salt  and  water are  interdependent.  Any 
change  in  forces or membrane  parameters  that  alter  salt  or water  removal 
from  the  droplet  will  change  the  droplet  salt  concentration;  the  change  in 
droplet concentration  will create a  force opposing and limiting its change, so 
that  variations  in  droplet  concentrations  are  minimized.  This  effect  was 
described in Results with the presentation of Figs.  1-7. (c) Pertaining solely to 
a 
(m.)  11 
b 
20  60  100  140 
pc,(,= .,I. ) ",o5 
Theoretical  predictions for steady-state droplet volume flow and 
S 
d 
"'2'0  613  100  1"40 
pc,(~m~. ).  ,05 
FIGURE 10. 
droplet chloride concentration as a  function of the chloride permeability with 
/-,v =  2 x  10  -5 cma/cmZ.s.atm. (a) Droplet volume flow in the absence of active 
forces.  (b)  Droplet  chloride  concentration  in  the  absence of active  forces.  (c) 
Droplet  volume  flow  in  the  absence  of peritubular  HCO3  and  protein,  a 
hydrostatic pressure gradient,  and  an electrical potential  gradient  but in the 
presence of an active neutral salt pump.  (d) Droplet chloride concentration in 
the presence of an active neutral salt pump. 
reabsorption  due  to passive forces,  the  major passive force affecting droplet 
reabsorption  is that  of solute asymmetry (50,  74, and  footnote  1), which  is a 
force for salt  movement  as well  as water movement.  A  change  in  this  force 
will cause a  parallel  change  in  salt  movement  and  water movement,  which 
will act to minimize changes in droplet concentration.  (d) The concentration 
of transported  fluid  is  determined  by  the  ratio  of salt  movement  to  water 
movement. The  forces for salt and water movement change in  parallel,  and, 
consequently, this ratio is relatively insensitive to any change. 580  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9 VOLUME  76  ￿9  1980 
Droplet Reabsorption 
The theoretical model provides a  number of insights into the mechanism of 
volume reabsorption from split oil droplets. As shown in Fig. 3 b and d and 
Fig. 6 b, the ability of active NaCl transport  to lower droplet concentration 
and provide an osmotic force for volume efflux, as previously proposed (1, 2, 
62), is theoretically verified. The droplet concentration, however, need not be 
ideally hypotonic, as has been proposed  (1, 2, 62).  As illustrated in Fig. 3 b, 
with active as well as passive reabsorptive forces, droplet osmolarity could be 
ideally hypertonic, isotonic, or hypotonic to plasma osmolarity. The presence 
of both active and passive reabsorptive forces would minimize deviations from 
plasma osmolarity, since active forces produce a hypotonic droplet concentra- 
tion, whereas passive forces tend to produce a hypertonic droplet concentra- 
tion. Using only passive forces and literature constants, our theoretical model 
predicts that the droplet steady-state concentration will be ideally hypertonic 
to that  of plasma  (see,  for example, Fig.  1 b).  Recent  measurements have 
found rat proximal tubular fluid to be hypertonic to the peritubular capillary 
plasma by 4 mosmol/kg H20  (3), which supports our previous observations 
that passive forces predominate in the intermediate and late proximal tubule. 1 
Passive volume flow in the rat intermediate and late proximal tubule is the 
result of two forces: differences in ideal osmotic pressure due to salt leaving 
the droplet by diffusion down electrochemical gradients, tending to make the 
ideal osmotic pressure of the droplet slightly hypotonic to that of plasma, and 
differences in effective osmotic pressure due to different reflection coefficients 
for chloride and bicarbonate in the presence of solute asymmetry, making the 
effective osmotic pressure of the droplet lower than that of plasma. The latter 
force is independent of the movement of solute and tends to make the ideal 
osmotic pressure of the droplet  hypertonic to that  of plasma.  The relative 
importance of these two forces to passive volume flow has not previously been 
addressed. As shown in Fig. 4 a and c, a difference between bicarbonate and 
chloride reflection coefficients is  not  essential  for passive  volume flow.  As 
shown in Fig. 4 a, increasing the value of acl to that ofoHeOa, 0.96, halves the 
volume flow;  conversely, decreasing the value of OHCO3 to that  of ocl, 0.5, 
results in a 30% reduction in volume flow. Although passive volume reabsorp- 
tion is more efficient with a difference in reflection coefficients, the chloride 
gradient alone is a major passive force for volume flow. This result should be 
obtained as long as the chloride permeability exceeds the bicarbonate perme- 
ability. 
Control of Volume Flow 
The theoretical model provides a number of insights into possible mechanisms 
for effecting a control of intermediate and late proximal tubular reabsorption. 
It is seen from Fig.  1 c and d and Fig. 4  that small changes in the chloride 
permeability or reflection coefficient result in large changes in volume flow, 
with  only minor changes  in  reabsorbate  concentration.  Modifiers  of these 
membrane parameters could provide a sensitive means for controlling proxi- WARNER AND LECHENE  Isosmotic Volume  Reabsorption in Rat Proximal Tubule  581 
mal tubular reabsorption. There is experimental support for this possibility. 
Saline expansion  causes  decreased proximal  tubular  reabsorption  (12,  48), 
and, in Necturus proximal tubule, it has been suggested that this decrease is the 
result of an increase in salt permeability, leading to an increased salt backflux 
into the lumen, which diminishes reabsorption  (7).  It should be noted that 
our  theoretical  model  supports  this  hypothesis  for  reabsorption  involving 
primarily active forces  (Fig,  7 c), but,  for reabsorption  involving primarily 
passive forces, the opposite effect would occur, and a  permeability increase 
would augment rather than diminish net reabsorption (Fig. 1 c). Furthermore, 
saline expansion has been reported to decrease the salt reflection coefficient in 
Necturus  and to result in an increase in osmotic water flow (5), as is predicted 
by our model (Figs. 4 a and 6 c). As shown in Fig. 6 c and d and Fig. 7 c and 
d, for reabsorption involving active forces, an increase in permeability and a 
decrease in the reflection coefficient would have opposing effects on volume 
flow and droplet concentrations, and the net response would depend on the 
magnitude of the parameter changes. The theoretical model thus illustrates 
the possibility that changes in a tubular parameter can effect large changes in 
volume flow with only small changes in droplet concentration, and, further- 
more, that changes in several tubular parameters could separately modify Jv 
and the reabsorbate osmolarity. 
Application to Other  Tissues 
With higher values for Lp being reported in a  variety of tissues (60,  79)  and 
projected  for  most  tissues  (15),  it  is  becoming  easy  to  obtain  isosmotic 
transport.  Extracellular regions that are ideally hypotonic and intercellular 
regions that  are ideally or effectively hypertonic will all suffice to produce 
essentially isotonic coupling of solute and water fluxes (1,  10,  13,  16, 35, 56, 
58).  We have obtained,  with  a  simple single membrane model, essentially 
isosmotic flow with  many values  for membrane parameters  that  currently 
would  be  applicable  to  a  variety  of leaky  epithelia.  It  should  be  noted, 
however,  that  out  model  would  not  predict  earlier  observations  in  other 
epithelia of volume flow from solutions made significantly hypertonic by NaC1 
addition (28, 29, 32, 51). 
Our previous observation that passive forces are predominantly responsible 
for volume flow in the intermediate and late proximal tubule,  1 combined with 
our present conclusions that isosmotic flow can be obtained solely by passive 
forces, strengthens  the possibility  that,  in other tissues,  passive  forces may 
participate  in the movement of salt  and water. With high values for/_~  it 
becomes difficult to discriminate between the contributions of passive and 
active forces to volume flow based on concentration or osmolarity measure- 
ments. Our theoretical analysis suggests that discrimination might be obtained 
from volume flow measurements. Our model predicts opposite effects of active 
and passive forces on volume flow due to changes in salt permeability (Figs. 
1 c and  7 c) and due to changes in bathing solution  (or plasma)  osmolarity 
(Fig. 9 a and c). For example, the biphasie response of volume flow to changes 
in the external solution osmolarity in the gallbladder are compatible with the 
participation of both active and passive forces in promoting volume flow (14). 582  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  76  ￿9  1980 
Conclusions 
A  theoretical  model  for  fluid  reabsorption  from  split  droplets  in  the  rat 
intermediate and late proximal tubule has been developed. The applicability 
of this  model  depends  on  the  validity  of its  simplifying  assumptions.  The 
major assumptions we have made are that the epithelium can be treated as a 
single membrane and that the effective permeability of HCO.~ is near zero. 
The model predicts available split oil droplet experimental  data.  Based on 
this model, isosmotic flow is not characterized by a single reabsorbate concen- 
tration  but by a  range  of concentrations  that  can be affected by changes  in 
tubular permeability parameters and applied forces. It is nevertheless difficult 
to obtain  a  reabsorbate osmolarity that  differs markedly  from  plasma.  Isos- 
motic flow is not the result of a  particular  set of permeability properties and 
bathing solution composition and need not be a special consequence of active 
Na transport.  Isosmotic flow requires  a  high  but  not exceptionally high  Lp. 
Isosmotic flow is a  simple consequence of the interdependence  of forces and 
flows for salt and water, and of salt and water movement always changing  in 
parallel;  the ratio of salt  flow to water flow, or reabsorbate concentration,  is 
thus a  slowly varying function. Active NaC1 transport  can lower the tubular 
fluid concentration, but the ideal osmolarity of the tubular fluid need not be 
hypotonic  to  that  of plasma.  The  ability  to  obtain,  without  incorporating 
active NaCI transport,  an isosmotic volume flow similar in magnitude to free- 
flow  values  supports  our  previous  observations  that  active  NaCl  transport 
may play  a  minor  role  in  the  intermediate  and  late  proximal  tubule.  The 
chloride  gradient  and  the  difference  in  effective osmotic  pressure  have  an 
approximately  equal  effect  on  volume  flow.  Passive  volume  flow  does  not 
require a  difference in chloride and bicarbonate reflection coefficients. Mod- 
ifications in the chloride permeability or reflection coefficient result  in large 
changes  in  volume flow, with  only minor changes  in  droplet  concentration, 
and could provide a  sensitive control of proximal tubular reabsorption. 
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